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A MODEL FOR PREDICTION OF RIDE QUALITY IN
A MULTIFACTOR ENVIRONMENT

By Jack D. Leatherwood and Thomas K. Dempsey
INTRODUCTION

Environmental factors such as vibration, noise, temperature, etc., are
important to the design and improvement of transportation systems since
these factors can adversely affect passenger acceptability (ride quality)
of the system. These factors will become even more important with the
advent of future transportation systems such as STOL aircraft, civil
helicopters, and high-speed ground vehicles which are expected to generate
larger vibration and noise levels than most currently acceptable systems.
Thus, it is important to have an understanding of passenger acceptability
of noise and vibration in order to (1) predict passenger acceptance of any
given environment, (2) determine sources of vibration and/or noise that
cause passenger discomfort, and (3) provide a "fix" to a ride quality
problem by knowing how much reduction in noise and/or vibration is required
to achieve acceptability.

Numerous investigations, e.g., refs. 1-5, have been conducted to
determine the effects of vibration on passenger acceptability. There
remains, however, a lack of information on the empirical relationship
between human comfort response and vibration. Particular attention needs
to be focused on collecting data regarding the integrative effect of random
(multifrequency and multiaxis) vibration inputs and other interactive

factors such as noise, temperature, etc. In general, most of the previously



proposed passenger acceptance criteria utilize some form of equal comfort
contours characterized by adjectives of various meanings. The most widely
recommended criteria is that proposed by IS0 (International Standards
Organization, see ref. 6) which is an acceleration-frequency contour

based upon sinusoidal testing of subjects in one axis at a time. IS0,
however, does not adequately account for multiple frequency and multiple
axis vibrations and it does not account for the interactive effects of
vibration combined with noise. Furthermore, ISO defines their proposed
comfort contour in terms of "reduced comfort boundary" which is somewhat
difficult to interpret with respect to passenger acceptance.

Recently, a ride quality comfort model has been proposed at Langley
Research Center (ref. 7) which accounts for the effect of both multi-
frequency and multiaxis vibratory inputs, as well as nonvibratory inputs
such as noise, on human comfort response. This paper outlines this model
and contains some of the more important experimental results obtained to
date from a variety of methodological and model-oriented studies of human
comfort response to vertical, combined vertical-lateral, and roll vibrations.

The specific purposes of this paper are to (1) describe the NASA
ride quality model and (2) to present selected results of several experi-
mental investigations that have contributed to the model and to provide

a more comprehensive understanding of human comfort response to vibration.
SIMULATOR

A series of photographs of the simulator used in this study are presented
in figure 1. The simulator is called the Passenger Ride Quality Apparatus

(PRQA) and is configured to resemble the interior of a typical jet transport
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aircraft. It can produce vibratory motions in either of two combinations
of degrees of freedom. The first combination is simultaneous vertical,
lateral, and rcll vibrations and the second combination is vertical,
longitudinal, and pitch. The p -ak-to-peak stroke capability of the
simulator is 6 inches and the linear accelerations are limited to *0.5g

for frequencies from 1.3 to 30 Hz. Maximur angular displacement capability
is #0.1 radian up to 1.3 Hz and the Timiting roll acceleration levels are
6.3 rad/sec2 up to 5 Hz.

Figure 1(a) shows the waiting room where subjects receive instructions,
ar: briefed, etc. Figure 1(b) is a model of the PRQA showing the support
and drive system and figure 1(c) is an exterior view of the PRGA. Figure 1(d)
shows the interior (with front bulkhead removed) equipped with first-class
aircraft seats. Figure 1(e) illustrates the control console and figure 1(f)
is a view looking from inside the PRQA onto a visual display. In

figure 1(f) the first-class seats have been replaced by tourist-class seats.
DESCRIPTION OF MODEL APPROACH

The basic approach followed in this paper is to develop a model that
integrates the effect of the several key factors that may adversely affect
passenger comfort and that also has general applicability to any trans-
portation system. The ride quality model concept and the many factors
involved are presentea in block diagram form in figure 2. To ihe extreme
left of figure 2 the input to a vehicle is shown as being applied to the
vehicle transfer function. The inputs can be noise and/or vibration and
the vehicle transfer function can be its frequency response and/or noise
transmission characteristics. The output of the vehicle transfer function

is the ride spectra (or environment) to which passengers are exposed. At



this point, the ride spectra are applied to the various computational
aspects (indicated by the dashed box) of the ride quality model. These
include the empirical relationships governing vibration frequency masking/
summation both within an axis and between axes, the development of equal
comfort curves to account for the discomfort contributions due to single
frequencies, the interactive effects of noise and vibration, and model
correction due to other factors such as duration, transients, anxiety,
etc. The end result is a final scale of discomfort which gives a number
(ride quality index) that indicates the degree of acceptability of the
ride environment. The model can be reduced to the meter concept shown

at the bottom of figure 2. A multiaxis ride spectra is input to the ride
quality meter whose output is the ride quality index that gives the level
of passenger acceptance. The ride quality meter which is under development
is a practical hardware implementation of the components within the dashed
box. It should be emphasized that the model described above is a
predictive model and all that is required to provide passenger comfort
evaluation is knowledge of the ride envirorment. The model (or meter) is
being developed from both laboratory and field studies using a large

number of test subjects.
APPLICATION OF RIDE QUALITY MODEL

The application of the ride quality model to new or existing vehicle
designs is presented in figure 3. Estimated or measured inputs are applied
to an experimental or estimated vehicle transfer function to give the ride

environment at tne passenger locations of the vehicle. This ride



environment is provided as input to the ride quality meter (model), the
output of which gives the passenger acceptability of the vehicle. If the
acceptability level is sufficient, then the design or modification is
complete, if not, then the model will diagnose the problem source so that
a vehicle modification can be made. The process is then repeated until

the required level of passenger acceptability is achieved.
PSYCHOPHYSICAL LAWS

An experimental study (ref. 8) using the PRQA was conducted to
(1) determine in a systematic manner the psychophysical relationships
governing human assessment of the intensity and discomfort due to whole-
body vertical vibration and (2) determine if intensity and discomfort
responses differ from one another. A total of 48 subjects were used in
this study with 24 subjects performing discomfort evaluations and 24
different subjects performing intensity eviluations. A total of 10 —
frequencies were investigated and a magnitude estimation procedure was
used to obtain subjective evaluations. The candidate psychophysical laws
were: linear, power, exponential, and logarithmic.

Results of statistical analysis indicated that a linear law should .
be selected for description of the relationship between subjective ratin,s |
of intensity or discomfort and vibration level. Using a least squares
linear fit to the magnitude estimation data for both discomfort and
intensity at each frequency and testing for differences of slope hetween
the two sensations, i. was determined that 3 of the 10 frequencies
displayed significant differences in slope. Thus, caution should be used

when applying results from vibration intensity evaluation studies to the




problem of developing discomfort response criteria. Figure 4 shows a
typical example of the magnitude estimates and the fitted least squares
lines for intensity and discomfort at a frequency of 5 Hz (one of the most
critical frequencies affecting discomfort). For this frequency, the

slopes of the intensity and discomfort curves did not differ significantly.
METHODOLOGICAL CONSIDERATIONS

Several experiments were conducted on the PRQA in order to derive
information related to the methodology to be used in development of the
ride quality model. These experiments utilized a total of 296 subjects
and involved vertical vibration, roll vibration, and combined vertical-
lateral vibrations. Some of the specific objectives of these studies
were to (1) explore the adequacy of frequency averaging of vibration data
to obtain discomfort predictors, (2) determine the relative importance of
seat and floor vibration in the selection of a measurement and criteria
specification location, (3) explore the affect upon human comfort of roll
vibrations and in particular the effects of roll frequency, roll acceleration
level, and seat location, e.g., distance from axis of rotation, and
(4) examine the effects of combined vertical-lateral vibrations. Supporting

data and conclusions for each of the above cohjectives will now be discussed.

Frequency Averaging
The problem of interest in this section is to determine whether the
prediction of passenger discomfort can be based upon a frequency averaging
process (such as overall rms acceleration level) or whether information on
the frequency content of the spectrum is also necessary. An analysis of

variance applied to the data indicated a significant interaction between



acceleration and frequency. This is displayed graphically in figure 5
which presents the mean discomfort ratings (based upon a nine-point
unipolar scale) as a function of frequency for five levels of seat
acceleration. Note that the mean discomfort ratings vary with freguency
for each acceleration level and at each frequency the ratings are
dependent upon acceleration level. Thus in order to detérmine the degree
of discomfort, it is necessary to have knowledge of both the frequency
and acceleration content of a ride. The case where many frequencies are

present simultaneously requires further analysis and will be discussed

in a later section.

Seat-Floor Considerations

The question frequently arises as to what location to use for
specification of ride quality criteria and as a measurement location for
sensor packages. The fact that floor and seat responses differ has been
demonstrated in reference 9 and is illustrated by the seat transfer
function shown in figure 6. This section discusses the relative
contribution of vibrations at the seat and floor (when the vibrations are
simultaneously experienced) to the total discomfort of a passenger. The
discussion herein will be concerned with tourist-class aircraft seats
although the results have been shown to apply to first-class aircraft
seats as well as bus seats (ref. 9).

The average correlation coefficient between measured seat and floor
accelerations for the study considered herein yielded a value of 0.37,
indicating a high degree of correlation. Thus these measures are not
independent measuras and, therefore, cannot be used to compute weighting

factors for the relative contribution of floor and seat accelerations to



discomfort response. In addition, t-test comparisons between the floor
and seat correlation coefficients of discomfort response with acceleration
were made and indicated that for practical purposes there is no
significant difference in the contribution of vibration at the floor

or at the seat to the total discomfort of a passenger. These results are
illustrated graphically in figure 7 which shows the mean discomfort
ratings as a function of floor and seat acceleration levels for three
values of vertical sinusoidal frequency. In evaluating the data of

figure 7, it should be noted that the seat transmissibility characteristics
(ratio of seat to floor acceleration) of figure 6 tend to amplify floor
vibrations at frequencies below 9 Hz, is approximately unity at 9 Hz,

and attenuates floor vibration at frequencies above 9 Hz. The data of
figure 7 illustrate the high level of correlation existing between mean
discomfort ratings for both floor and seat accelerations. This is
evidenced by the parallel trends of each pair of solid and dashed curves.
The spread between the parallel curves is due to the seat transmissibility
characteristics mentioned earlier and indicates that, even though either
location will give equal predictability, the measurement location for
specifying absolute values of acceleration must be given. For simplicity
and convenience, it is therefore recommended that the floor be used as

the location for measurement and criteria specification.

Roll Vibrations - Frequency and Acceleration Effects
A study was conducted in which a total of 72 subjects were exposed
to roll vibrations at selected roll acceleration levels (0.48 to 2.88
rad/sec?), freauencies (1 through 4 Hz), and in several seat locations
(window, center, and aisle seats). This study constitutes the first

known systematic invectigation of human.response to roll vibrations




in a realistic cnvironment. An analysis of variance applied to the
results indicated that the effects of roll acceleration and frequency,
as well as their interacticn, were significant. The effect of seat
location was found to be not significant. An example of the interac.iun
between roll acceleration level and roll frequency is displayed in
figure 8. Figure 8 shows the mean discomfort raiings as a function of
roll acceleration level with frequency as a parameter. These curves
demonstrate a basic linearly increasiny trend of discomfort response
with roll acceleration level which is in accord with the previous
discussion regarding the selection of a linear psychophysical law for
vertical vibration. Also the effect of frequency is apparent, especially

at the higher levels of roll acceleration.

Roll Vibration - Seat Location

The analysis of variance indicated that the effect of seat location
on subjective evaluations was not significant for the particular seat
arrangement and roll axis used in this study. The overall effect of
seat location is illustrated in figure 9 which shows the mean ratings
(averaged over roll frequency) for each seat location as a function of
roll acceleration level. Although this graph shows some spread between
the points (for each roll acceleration level) corresponding to each seat

location, these differences are not statistically significant.

Combined Axes - Vertical With Added Lateral
A study was conducted in which subjects were exposed to combined
vertical and lateral vibrations at several combinations of input

frequencies which ranged from 1 co 20 Hz for both axes. All vibration



lev:1s were equal to 0.15 g. Some typical results for vertical vibration
with added lateral vibration are presented in figure 10. This figure
shows the mean discomfort ratings (based upon a nine-point unipolar
discomfort scale) of the subjects as a function of vertical input
frequency with added lateral input frequency as a parameter. This set

of curves shows that all lateral frequencies contribute to subjective
discor.fort when combined with any of the vertical frequercies and,
furthermore, the lateral axes tend to have a dominant effect at the

lower values of lateral frequency. For example, the mean discomfort
rating for vertical alone peaks at approximately 4.6 whereas the mean
ratings when lateral vibrations 1, 2, and 3 Hz are present range generally

between 6 and 7.5.

Combined Axes - Lateral With Added Vertical
Figure 11 presents the mean discomfort ratings as a function of
lateral input frequency with vertical input frequency as a parameter.
This figure further emphasizes the point that lateral! axis motions dominate
at the lower frequencies implying that the presence of low-irequcncy
lateral vibrations may tend to effectively mark the presence of vertical
vibrations at comparable levels. At the higher frequencies (above 3 Hz)

the vertical vibrations do contribute to the disconfort ratings.
EQUAL DISCOMFORT LURVES

Study A
A total of 186 subjects and three experiments were invalved in the
development of a set of constant discomfort curves. The first study,

called Study A, was directed towards the determination of the acceleration

10




level at different frequencies that produces identical discomfort. The
method utilized was tc require the subjects to evaluate successive
"comparison ride segments" according to = modified method-of-limits

task. Specifically, a subject's task was to determine if a ride segment
(a vibration applied at a selected frequency and amplitude) provided
greater or less discomfort than a ride segment termed the "standard ride."
The standard riyie was selected on the basis of previous studies to be
0.15 g at 9 Hz. At each frequency the percentage of rides rated greater
than the standard was computed and transformed into z-scores (standard
normal scores). Thus, a z-score of 0.0 corresponds to 50 percent of

the comparisor rides being evaluated as having more discomfort than the
standard ride. Typical results are shown in figure 12 which presents the
z-score transformations obtained from 5 Hz comparison rides as a functicn
of the floor acceleration level. The acceleration level at z = 0.0

is interpreted as being equal in discomfort to the standard ride. For
the data of figure 12, an acceleration level of 0.115 g at 5 Hz was taken

as equal in discomfort to the - indard ride ot 0.15 g at 9 Hz.

Initial Discomfort Curve
Ri:peating the method of the preceding section for 11 frequencies

and plctting the z = 0.0 point yives the curve shown in figure 13. The
left ordinate is the peak floor acceleration level and the right “rainate
is the root-mean-square acceleration level that gives constant values cof
discomfort alonyg the curve of figure 13. Although the curve of figure 13
is a constant discomfort curve, its absolute level of discomfort remainc
to be determined. The procedure far doing this is descsibed in the nexi

section,

11



Study B

The objective of this study was tc uerive equal discomfort curves
that can be assigned absolute levels of discomfort. The procedure used
was to obtain magnitude estimates of discomfort for successive ride
segments at each particular frequency. As ar example, the ragnitude
estimation results for the standard frequency of 9 Hz is displayed in
figure 14. A least-squares line was fit to the data and normalized to
a value of unity at a floor acceleration level of 0.08 g which was
determined from a previous study to be the approximate threshold of
discomfort at 9 Hz. Thus using figure 14, we find that the standard ride
of Study A (0.15 g at 9 Hz) has a mean discomfort level of 2.47 and,
therefore, determines the level of discomfort of the curve of figure
13 relative to the threshold of discomfort. Knowledge of the normalized
magnitude estimates for 9 Hz combined with the discomfort value of the
curve of figura 13 now allows the mean magnitude estimates at eacn
frequency to be properly adjusted for direct correspondence with each other.
A typical example is shown in figure 15 for a frequency of 5 Hz. Curves
similar to figure 15 were generated for all frequencies and used to compute
the peak and rms floor accelerations required to produce discomfort levels
ranging from 1 (threshold) to 12 (very high #.scomfort). Thus the set
of constant discomfort curves displayed in figure 16 was produced. The
dips in the curves correspond to the frequencies of maximum human discomfort
and range from about 4 to 6 Hz. These curves and the associated magnitude
estimations for each frequency provide the basis of the ride quality model.

Yet to be accounted for are the masking/summation effects of combined
frequencies and axes and the development of equal discomfort curves for
other axes. Studies have been completed to provide this information and
will be the subject o€ future publications.

12
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CONCLUDING REMARKS

This paper has presented the outline of a comprehensive model approach
to the development of ride quality criteria and predictive capability.
Results from several related studies have been presented which contribute
to the development of such a model as well as to a more comprehensive
understanding of humar comfort response to vibration. The major points of
interest are surmarized as follows:

(1) A linear relationship can be used to describe the psychophysical
law governing human response to vibration.

(2) Caution should be used in applying results from vibration intensity
evaluation studies to the problem of human discomfort response.

(3) In order to accurately assess the level of discomfort of a ride
a knowledge of both frequency and acceleration amplitude is required.
Frequency averaging of vibration data provides at best only a crude
predictor of discomfort.

(4) The floor location in a vehicle can be used as the point for making
vibration measurements and specifying ride quality criteria. If it is
desired to specify criteria at the seat, then the floor criteria can be
corrected by applying the seat transfer function to the floor input.

(5) Subjective response to roll vibration was found to depend
significantly on roll frequency, roll acceleration level, and their
interaction. Furthermore, subjective response varied linearly with roll
acceleration amplitude which is in accord with comment (1) for vertical

vibrations.

13



(6) For the particular seat arrangement and roll axis used in these
studies, the effect of seat location was unimportant.

(7) Combined axes (vertical and lateral) studies indicated that the
addition of lateral vibrations to vertical vibrations resulted in increased
subjective discomfort regardless of the frequencies involved. Of particular
importance was the indication that low-frequency lateral (1 to 2 Hz)
vibrations tended to dominate subjective ratings thus implying that under
certain conditions, between axis masking does occur.

(8) A set of equal discomfort curves for vertical vibration were

developed.

14
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SEAT ACCELERATION

8
,*""A 4 Hz
'[.._
6 9 Hz
MEAN
DISCOMFORT 2
RATING
I‘ 18 Hz
4».—
3_.
O FLOOR
A & SEAT
2__
[ | 1 1 | N

L
o .20 .14 (18 22 .26 .30 .34
ACCELERATION, g

Figure 7
22



g aunbi4

Numm\mz<_o<~_
0°¢ 0°¢ 01 0
“ _ ! J | T L
—

ZH ‘AONIND3Y4

AON3ND3Y¥4 ~

71710d ANV NOILVY31330V 17108 N3I3IM138 NOILOVYILNI

8

SONILVY NVIW

23



6 94nbLy

,3SISNVI AV
0'¢ 02 0’1 0 0
r _ _ _ _ _ 1 7]

1
2
—H¢
— v
s
9

(F1S1V) € MOY @

(41LN3D) Z MOY O
(MOGNIM) T MOY¥ O 14

NOILVJ0T LV3S

Jg

NOILVI01 LV3S 40 103443

SONILVY NVIW

24



0L @4nbid

AJIN3N03YA TVIILYIA

0¢ 61 ot 8 S v ¢ I 0
] | _ | T @ 0
h
1
0o—0 =/
07 e et e , ~
mﬁﬁlllll_nnuufly A/ . ‘
A —— lm/ ¢
Eaaani e e
N _ly
m - N =————a_ <k
. g a-q ¢
£ —
A ~O—-— - Sl Xw |
I ¢v-.u-urn:annuu-|+r| .......... AV ]
24 Ot
"AONINTY4 dg
LA 2-E1R Al INILVY
1404W03S1d
NV3IW

AVH3LVT d3aaVv-T1VIILY3A

25



o 1 .

e —urw—'w———--“ T“|—"

L1 2unbiyg

AONINDIY4 TVIELY]
0¢ Gl 01 8 S ¥ ¢ ¢ 1 0
R
o —10
O g
I L
3 i
¢
01 — €
8 —H7v
2
14 —6
q
ZH —19
‘AININDIYA -
1VI11Y3A
-8
INILVY
1404W0ISIid
NV3IW

AVIILY3A d3AAV-1VHELV

2€



ZL 24nbLy

b *13A31 NOI1V¥31302V ¥0014

Sp° O ag” 0e 2 027 ST 017 40°

0

! | i | ! I I o

ZHg

0°¢-
q'1-
0°1-
S°0-
00
S0
01
6’1
0°¢

Z
"J40JS ANVLS

S1INS3¥ AOHL3IW ADN3ND3¥4 — V AQNLS

27



s0°
or

18

NOILY¥31300V
SW 2"

T

0¢

13

€1 d4nbyy

AJIN3NDIYA
0t & 02 ST 01 1
! I I T ¥ 1

-

90°
or°
18
0¢*
6’
0¢
qe”
v
14

0s°

b ‘NOILVY¥I1ID0V
Mvid

JAAND L1Y0JWOISIA LNVISNOD — V AQNLS

28



L 34nbt4

b “T3IAFT NOIL VY3132V 40074
¢  0€ 92" 020 sI° 01" &0
I T ! I ] T 1]

ZH 6 n

e

S1INS3d NOILVKWILS3 3JANLINOVW

J1IYWI1S3
JANLINOWYW
NVIW -

M~ O N s oN

8
6

01 .
- 8 AQNIS



Gi 34nbiy

b “13A31 NOILV¥31329V ¥00T4

Ge' 0g 62" 020 SsTT or mo.o
- I I T T

1V 31vwiLs3

| 3anLIN9VW
NVIW

— 01
S1INS3Y NOILVKWILST 2ANLINOVHW — 8 AQNLS

30



[ DL

e Bl

|

‘.._......._T-.... R

NOILVY3I1I0IV
SWd

0¢

¢

gt 34nbty

AJNIND3YA

1
S0

U |-

A .

0¢"

1

S3AAND 130d4WOISIC TTVNO3

!

0 st 01
| —

01
1 ..##4

/

—un

b

'NOI1VYYIT1I03V
AVid

31



